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1- INTRODUCTION AND SUMMAHf 


The work performed under this contract was the second step in a two 
phase program to develop and implement the test/analysis technique known as 
the "Impulse Transfer Function" (ITF) method for possible application to the 
Space Shuttle project. The first phase of the program, funded by the 
langley Research Center under Contract No. NAS 1-10635-2, was concerned with 
testing a realistic spacecraft structure and a partial verification of the 
accuracy of the ITF approach. Results of this effort are reported in 
Reference 1. 

The second phase effort has been primarily devoted to computer 
programming, data processing, and a correlation study that employed data 
collected in the first phase test. 

The prinary objective of the Langley contract was to demonstrate that 
standard test procedures and equipment could be used to collect a significant 
number of transfer functions from tests of the Lunar Module test article 
LTA-11. The testing consisted of suspending the vehicle from the apex 
fittings of the outrigger trusses through a set of air springs to simulate the 
"free -free "state. Impulsive loadings were delivered, one at a time, at each 
of the landing gear's attachment points, in three mutually perpendicular 
directions; thus a total of 36 in 5 >ulses were applied to the vehicle. Time 
histories of each pulse were recorded on magnetic tape along with 40 channels 
of strain gage response and 28 channels of accelerometer response. Since an 
automated data processing system was not available, oscillograph playbacks 
were made of all 2400 time histories as a check on the validity of the data 
taken. In addition, one channel of instrumentation was processed to determine 
its response to a set of forcing functions from a prior LTA-11 drop test. 

This prediction was compared with drop test results as a first measure of 


accuracy. 
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Based on. our work for Langley it was concluded that an ITF test of a 
realistic structure could be conducted expeditiously; the one-channel 
correlation study indicated that the I!EF approach was promising with regard 
to accuracy. 

Under the present contract, computer programming and data processing of 
the test data taken for Langley was completed. This consisted of first 
converting to digital form all the data originally collected on analog tapes, 
and then storing the data in a disk pack on the IBM 370 computer. Programming 
of the Duhamel integral that is used to predict time history response from 
ITF data when a set of forcing functions is specified was also completed. As 
summarized in Volume II of this report, the data processing system is now 
available at KASA/MSC on the Unlvac 1108, where tape is used for permanent 
storage, and at Grumman on the IBM 370 computer, where a random access, 
easily expandable, disk pack is the permanent storage device. A subroutine 
is available that allows convenient transfer of data from the Grumman disk 
pack to the MSG tape storage system. 

Using the computer system at Grumman, an extensive correlation study 
has been conducted to compare internal response as predicted by the ITF 
technique with results of the LTA-11 drop test program. Section i<-a of this 
report details this work; filtering methods employed to remove spurious effects 
caused by the suspension system used to support the vehicle for ITT testing 
are also discussed. The time history comparison that is presented covers 
every channel that was common to both the drop test and ITF test programs — 
a total of ho channels. 

Many channels of the correlation results of Section ho. shew excellent 
agreement in both high frequency content and peak amplitude, even when such 
difficult-to-measure quantities as shear strain are involved. Other channels 
indicate that peak amplitude can often be predicted in cases where wave -form 
correlation leaves something to be desired. In channels where correlation is 
poor, known or suspected reasons for the discrepancy annotate the time history. 
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Section shows a comparison of drop test results^ ITF predictions, 
and conventional modal analysis predictions. Modal analysis was based on 
a IM finite element math model identified as "Big Spring IV." Since the 
modes predicted using this model were not exceptionally accurate when 
compared to ground vibration survey results, the relatively good correl- 
ation indicated in the response time histories of Section i|-b was a welcome 
surprise. However, it can be readily seen that ITF results are most 
frequently the more accurate. Again, where discrepancies exist, and 
reasons are known or suspected, they are amended to the plots. As in the 
case for the first correlation study, all channels that are common to the 
drop test, the ITF program, and the modal analysis have been compared. 

Two additional areas were covered in the present contract. The first 
was concerned with determining the feasibility of using the LTA-11 ITF data 
to compute modal information for the LM. This task was undertaken by the 
TRW Systems Group under subcontract to Grummanj their work is summarized in 
References 2 and 3. TRW demonstrated that the frequencies of the lowest 
modes could be accurately computed from ITF data. Mode shape data, on the 
other hand, did not compare well with ground vibration results. It is 
probable that the test problem used in this work (the IM vehicle) was too 
complex for accurate mode shape prediction without further development work. 
As explained in Section 4c, it is our opinion that a possibility for 
determining modal data from ITF's presently exists for applications on 
simpler airplane-type structures. 

The last area of study involved a preliminary investigation of how ITF 
testing could be applied to the Shuttle. Such items as loading and vehicle 
support conditions, impulse magnitude, and instrumentation requirements were 
considered. This work is reported in Section 5- 



Section 2, which follows, gives a brief description of the ITF 
method, its mathematical foundation, and a summary of the assumptions upon 
which the method is based. Section 3 is concerned with data acquisition 
and processing. While much of the material contained in Sections 2 and 3 
can be found in other reports prepared by Grumman, e.g.. Reference 1, it 
is repeated here so that this report will be reasonably self-contained. 

As mentioned previously. Section 4 deals with correlation results, while 
Section 5 outlines considerations for ITF testing on the Shuttle. Section 
6 summarizes our conclusions and recommendations on the use of the ITF 
technique. Miscellaneous material is included in the appendices. 



2-BAjCKGROUMD on ITF DEVEIiOPMENT 


The Impulse Transfer Function (ITF) technique is a combined test and 
analysis method that can be useful for determining internal structural 
response due to transient forcing functions. As an example of the way the 
ITF approach can be used, consider the problem of computing the response 
of an aircraft or the LM to landing forces. The required test program for 
using the ITF method would consist of supporting the vehicle to simulate a 
"free-free" state, applying impulses at all the gear attachment points, and 
measuring the time history responses, e.g., strain, load, acceleration, that 
are induced by the impulses. Once the collected data is processed and 
available on a digital computer, the response to long duration applied gear 
forces could be computed using Duhamel's integral. 

The technique is based on the fact that, for a linear structure, the 
dynamic response to any applied loading can be represented by the super- 
position of the responses to an equivalent series of impulsive loadings. 

Figure 2-1 provides a graphical illustration of the technique. A given time 
history of applied load, Is approximated by a series of pulses which 

are sufficiently short to be considered impulses. Since the response to an 
impulse is proportional to its magnitude (area), the time-history of response 
to each of the pulses is computed by multiplying the response to a unit 
impulse, h..(t), (known as an ITF) by the area under the pulse. The responses 
are then superimposed, with the proper time shifts, to produce the response, 
R;.(t), to the applied loading. A series approximation of Duhamel's integral 
is used to perform the necessary calculations, as shown in Figure 2-1. 

The transfer functions employed in this analytical procedure are obtained 
experimentally by applying short-duration pulses which approximate impulses. 
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one at a time, to each point in the structure where load is to be applied. 

Time histories of these pulses, as well as the responses (strains, 
accelerations, etc.) at selected locations throughout the structure are 
recorded. Dividing the response time-histoiy at i (called a response point) 
due to the pulse applied at j (called a loading point) by the area under 
the pulse yields the Impulse Transfer Function, h^^(t). The process is 
illustrated in Figure 2-2. 

Total response at i, in a structure loaded at several points, is 
obtained by summing the individual response to each applied load. This 
procedure is shown in Figure 2-3. 

When the ITF technique was first considered, a number of valid 
questions concerning the difficulty of experimentally determining ITF's were 
raised. These had significant bearing on the feasibility of the technique. 
Among them were: Could a pulse be applied with sufficiently short duration 
to provide a good approximation to an impulse and of sufficiently high 
amplitude to excite measureable response in a large, complex structure? 

Could the applied pulse and response be measured accurately? 

The only way to answer these questions was to actually try the technique, 
and so a modest test-analysis program was initiated at Grumman. The test 
article used was a solid, uniform circular beam suspended to simulate a free- 
free condition and instrumented to measure strain response. Using a pendulum 
device, a short -duration loading was applied and recorded along with the 
strain responses. Impulse transfer functions were then computed from the 
test results. Subsequently, long-duration pulses were applied, and the 
attendant measured responses were compared with those calculated by using the 
ITF data. Except for a scale factor on amplitude, due to inaccurate measure- 
ment of the impulse magnitude, good agreement was indicated. This effort, 
which is reported in Reference 4, demonstrated that a sufficiently short 
duration pulse could indeed be applied and the response to it could be 
accurately measured. Poor accuracy in the applied pulse measurement was 
attributed to the crude instrumentation used in the program. The question 
of delivering a high pulse amplitude for a large structure was not answered 
since the test article was not representative in this respect. 
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Based on the promise shewn in the initial study, a more ambitious 
program was undertaken using the LTA-3 Lunar Module test article. The 
structure was suspended in a free-free configuration and instrumented to 
measure strain and acceleration response at a number of locations. An 
electrodynamic shaker, programmed with an exact-wave-form synthesizer to 
produce a single pulse, replaced the pendulum. The shaker was selected 
because it could apply high anqplitude pulses and could readily be used 
to load various points in the structure in any desired direction. A more 
suitable force transducer eliminated the previous difficulties encountered 
in pulse measurement, but the 5,000 force-pound shaker initially employed 
provided too small a pulse to excite measurable response at points remote 
from the point of load application. A 15,000 force-pound shaker was then 
substituted and proved more than adequate in exciting measurable response 
at the most remote of the instrumented points. These were as far as 15 
feet away, on the vehicle's aft equipment bay. Figure 2-4 shews a typical 
impulse and several ITF's obtained for various amplitude short-duration 
pulses. Excellent repeatability of experimentally determined ITF's is 
illustrated. 

In addition to the impulse loadings, relatively long duration pulses 
were applied to the test article and the responses measured. The ITF 
method was then used to predict response. A comparison of the measured and 
predicted response at a single point is shown in Figure 2-5, along with the 
time history of the long duration pulse. Reference 5 contains an extensive 
sample of LTA-3 results. Of the 40 comparisons, half showed predicted peak 
amplitude agreement within lO^t and within 5 milliseconds in time of occur- 
rence. Some had peak an^litude predictions within 5^ agreement. In general, 
all records showed good waveform agreement. 

The reason that Grumman has deligently pursued the development of the ITF 
method is that it can be a valuable supplement to current analytical and 
experimental techniques and offers certain advantages over both. 

Compared with a purely analytical approach to transient response 
calculations the ITF's provide a more realistic representation of the 
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structure tTisin tlistt afforded, liy usual modal analysis methods. The system s 
mass, damping and stiffness properties are not needed, since these properties 
are implicitly reflected in tlie ITF's, and thus the approximations usually 
involved in their determination are eliminated. The method is particularly 
advantageous when dealing with large complex structural systems, such as the 
Space Shuttle, which do not y:.eld readily to analysis. This is not Intended 
to imply that modal and transient response analysis will be replaced. Since 
the ITF approach requires hardware to be available before it can be employed, 
conventional analysis procedures will still be needed in the design stages. 

Conventional aerospace practice makes extensive use of testing, including 
mode surveys and dynamic simulation, such as drop testing. Modal information 
obtained from tests is still difficult to use to predict internal load 
distributions, stress levels, and component accelerations. Dynamic simula- 
tions verify the integrity of the structure, but do not yield basic inform- 
ation which can be applied to conditions that were not tested or which 
arise after testing is completed. Measured ITF's, on the other hand, would 
be available for calculation of responses to any loading condition. A 
considerable reduction in cost can be effected by using the ITT technique 
to reduce the number of loading conditions to be simulated, as well as to 
study loading conditions which are difficult to simulate in a test. It 
should be noted that the insti'umentation required for impulse testing is 
normally found on simulation test articles j thus, no additional cost would 
be incurred in this area. One further advantage of the ITF technique 
lies in the fact that testing may be accomplished at low load levels, 
minimizing the inherent risk of premature failure and resulting structural 
damage which exists in simulation. The above discussion is particularly 
applicable to the Shuttle, due to its size and cooncplexity, and the variety 
of transient loading conditions to which it will be subjected. 

The ITF technique can be profitably applied to the Shuttle program 
through the use of "replica" models to provide design information, or through 
the use of full scale Impulse testing which can be employed in checking 


/ 

* 
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conventional modal transient response analysis. Shuttle transient loading 
conditions which can be handled by the method include: lift-off (engine start- 
up and vehicle release)^ end of boosts separation^ docking and landing. 

Further discussion of the applicability of the ITF technique to the Space 
Shuttle may be found in Section 5 of this report and in Reference 6. 





Apply and measure & fj(t) : 




= Impulse magnitude (t)dt 

h. .(t) = Impulse transfer function between i & j 
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Figure 2-2 - Measuring Itapulse Transfer Function 




= Response at i due to Pj^(t),Fg(t) & F_(t) 


F^(t) = Force applied at 1 


J'gCt) = Force applied at 2 


F^(t) = Force applied at 3 



Figure 2-3 - Computing Response to a Number of Applied Forces 




Figure 2-5 _ Right-Hand Aft 


Equiptaent Bay Lofwer Outboard Strut Response 
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3 -DATA ACQUISITION AMD PROCESSING 


As mentioned previously, the data used in this effort was collected 
during testing conducted for Langley, Reference 1. The test article was a 
structurally complete LM vehicle, designated as the LTA-11. It consisted 
of the LTA-3 ascent stage mated to the LTA-11 descent stage. In addition 
to it being structurally complete, most major mass items and systems were 
either mass-represented or inert production units. This vehicle had been 
used in several IM structural test programs, including the May 1970 series 
of drop tests. 

The test article was installed in a structural steel frame that provided 
the hoist and support points required to position the vehicle, as well as the 
points necessary to install the suspension system. The vehicle was supported 
at each outrigger apex fitting by a hydraulic actuator and an air spring 
arranged in tandem. The actuators were used to provide for vertical position- 
ing while the air springs simulated the "free-free" state. 

The impulses were generated using an electrodynamic shaker (Ling Model 
335)^ programmed through an Exact Waveform Synthesizer, to drive an impact 
head into a striker plate mounted at the impact point on the vehicle. Both 
the impact head and the striker plate were fabricated from a cemented tung- 
sten carbide alloy; this high modulus of elasticity material had been used 
with success in previous testing. A Kistler 905A force transducer, mounted 
in the impact head, was used to measure the applied pulse. 

Schematic representations of the test set-up and impulse generating and 
monitoring systems are shown in Figures 3-1 and 3-2. 

Impulses were applied to the freely suspended vehicle at each of the apex 
fittings and at the points where gear components are attached to the deployment 
trusses. At each point, 3 mutually perpendicular pulses were applied. Thus, 
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the vehicle vas excited by 36, individually applied impulsive loads. 

Sample time histories of these impulses along with sample responses are 
shown in Appendix D. 

Vehicle responsee^ both strain and acceleration, were measured close to 
and remote from the points of load application. Forty strain gage measure- 
ments were selected from those used in the IM qualification drop test program, 
based on their response to the various drop test conditions. Twenty-eight 
accelerometers were selected from those used in the LTA-11 mode survey for 
their usefulness in identifying the 5 lowest modes of vibration of the IM 
in the landing configuration. 

A detailed list of this instrumentation is presented in Appendix B. 

Response of all the instrumentation to an applied pulse was recorded on 
magnetic tape and played back immediately on an oscillograph. These oscillo- 
graph records were Inspected to insure that all channels were operational 
and that response did not exceed the range assigned to it. In addition to 
the responses, the time history of the applied pulse was also recorded on 
analog magnetic tape. Permanent oscillograph playbacks were made at a later 
time to further insure the validity of the data taken. The original tapes 
collected during the test program, provided the basic data for the effort 
of the present contract. 

Volume II of this report discusses data processing in some detail, so 
discussion here will be brief. The original test tapes store the recorded 
responses to an impulse, the impulse time history, as well as some calibration 
information, all in analog form. The first step in data processing is to 
convert the analog information to a digital form. This analog-to-digital 
conversion was accomplished by the Grumman IM Data Reduction Station using 
a standard package. The tapes that result have been called Phase 1 digital 
tapes . 

The next step in the processing Involves mainly storing of the ITF data; 
the computer code that performs the operation is identified as Program I-ITP 
Program. It stores the ITF time histories, at a prescribed time interval, in 
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a disk pack on the IBM 370 and in a tape storage data bank on the Univac 
1108. In addition to basic time history data, calibration information and 
applied impulse magnitudes are stored. Output options include listing and 
automatic plotting. 

Response prediction using the stored ITF data is performed in the second 
program. Program II -Response Program. This code takes scale factor and time 
history data from the data bank and forcing function time histories as input 
data, and performs the Duhamel integration and the superposition discussed 
in the previous section of this report. Output is in both printed and 
plotted form. 

Filtering of the ITF data to remove undesireable suspension system effects 
is performed in the Response Program. During the course of this contract 
several methods of performing digital filtering were explored. These Included 
least-square curve fitting, steady state methods that are frequently employed 
for aircraft flight testing, and a Fourier Transform approach. The latter 
method appeared to perform the filtering most accurately and was therefore 
programmed. The approach consists of the following steps. First, each ITF 
is transformed from the time domain to the frequency domain using a Grumman 
developed Fast-Fourler Transform computer subroutine; both real and imaginary 
components are con^puted. low frequencies are eliminated by setting terms that 
define the real and imaginary components at the low frequencies to zero. The 
truncated frequency domain transfer functions are transformed back into the 
time domain using the same computer subroutine. The revised time history 
responses are considered ITF's and are used as such in the Response Program. 

(it should be noted that for computation efficiency, the method programmed 
is somewhat different from that described above. However, the overall result 
is identical. ) The effect of filtering is demonstrated in the section which 
follows along with the complete results of the correlation efforts. 

It is interesting to note that for the data processing of this contract, 
a total of h hours of computer time was required by the ITF Program to store 
the 24-00 ITF's, on the IBM disk pack. The predictions that were made using 
the Response Program required 5 minutes of computer time, for all 40 channels, 
including the filtering computations. 
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Figure 3-1 - Schematic Representation of the Impulse Test Set-Up 


EXACT 

WAVEFORM 

SYNTHESIZER 


memoscope 


KISTLER 905A 



Figure 3-2 - Equipment for Generating and Monitoring Impulses 
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4 -RESULTS 


The correlation effort of this contract consisted of two parts. The 
first, and most important, was a study into the accuracy of predicting 
transient response using the ITF method. The second involved a study into 
the feasibility of using ITF data to predict modal information. Data for 
the LTA-11 was used in these studies. 

For the transient response study, results predicted from ITF's are 
compared with those obtained from drop testing (Section 4a) and those computed 
using traditional modal analysis methods, (Section 4b). Modal data derived 
from the ITF's are discussed in Reference 2 and 3 and in Section 4c. 

The drop test selected for study was a level landing where all four 
footpads impact horizontal platforms designed to restrain the pads against 
in-plane motion. In this landing the primary rigid body acceleration of the 
vehicle is in the vertical direction. Translational acceleration in other 
directions, and rotational accelerations of the vehicle are small and only arise 
because of slight differences in the load-stroke characteristics of' the landing 
gear energy absorbing devices, and asymmetries in the vehicles mass distribution. 

Figure 4-1 illustrates the forcing functions applied to the vehicle in 
the drop test. These forces were computed fzrom measurements recorded during 
drop testing in the following nanner. For the drop tests, each member of the 
outrigger trusses and each member of the deployment trusses was instrumented 
to record axial force. After the test, the member forces were resolved and 
summed into X, Y, and Z components at each of the points where a landing gear 
member attaches to the basic structure. These processed time histories are 
illustrated in Figure 4-1. Note, that of the 36 possible applied forces 
only 24 are shown; the remainder are very close to zero due to the nature of 
the landing condition. For example, since the landing Induces only vertical 
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rigid tiody acceleration and each gear is loading the structure in an 
identical oianner, there are only two non-zero forces at each apex fitting. 
These are a vertical component of load and a horizontal component directed 
toward the center of the vehicle. At the deployment tniss connection points, 
only horizontal forces exist since in this drop test the secondary struts were 
almost parallel to the horizontal plane. Thus a total of l2 loads (U from the 
apex fittings and 8 from the deployment trusses) are taken as zero. 

Before proceeding to a complete discussion of the correlation study, 
some results that illustrate the effect Fourier Transform filtering are in 
order. Figure k-2 shows a sample of these results for two channels of data. 
Drop test time history responses are shown dashed while unfiltered predictions 
using ITF data are shown as dashed-dot curves. Predictions, where the ITF's 
were filtered to remove components below 1.6, 3.2 and 5*2 Hz using the 
Fourier method, are also shown. From this sample and from results on 
additional channels, it became evident that removing frequency content below 
3.2 or 5.2 Hz yielded results that correlated reasonably well with the 
drop test. Since no firm data existed on the frequencies that were actually 
introduced by the suspension and since 5*2 Hz was below the lowest IM 
elastic frequency, this value was used in the filtering that was employed 
in all the correlation work described subsequently. 
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Figure 4-2 Typical Results Using Fourier Transform Filtering 
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Ua - Comparison of Drop Test Results vlth Predictions Using ITF Date 

All of the ITF predictions shown on the pages which follow were computed 
using the Grumman data processing system with Fourier Transform filtering. 

A comparison is shown for every response channel that was common to the drop 
test and to the ITF testing. Responses include strains, both axial and shear, 
as well as accelerations and forces. Measurements indicated by number on the 
graphs are further described in Appendix B. In the plots, the drop test 
result is shown dashed while the ITF prediction is shown as a solid curve. 

Fach curve is anotated with remarks j explanations for descrepencies are 
given when appropriate* 

The following thoughts are offered to aid the reader in reviewing the 
results : 

• Measurements which should display similar time histories due to 
structural symmetry are so marked. It should be noted that the 
ITF method as applied in this study, does not take advantage of 
any symmetry consideration; each prediction is made independent 
of any other. 

• When an explanation for an inaccurate result is given, checks 
were made into the raw data in an effort to justify the opinion 
stated. Since both the drop tests and the ITF tests were conducted 
anywhere from a year to two years prior to the correlation study, 
few firm conclusions could be reached. Thus, when a scale factor 
error was suspected, a review of the test engineer's records was 
made to insure that a transcription error was not made, but 
checks further than this were not possible. 

9 The results frequently indicate that the ITF method will accurately 
predict high frequency response. Consistently, however, the ITF 
prediction exhibits less damping than does the drop test result. 

Grumman 's conclusions on the accuracy Indicated by these results, along 
with recommendations for improving results in a new project, are given in 
Section 6. 
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Figure ^-1 LTA-11 Drop Test Compared With ITF Predictions 
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Figure 4a-l Continued LTA-11 Drop Test Compared With ITF Predictions 
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Correlation excellent for entire time hiatory| 
note low frequency response ( approx » l6 Hz ) 
that occures in the ITF result which i® not 
evident in the drop test. Measurement 8&9 
are symmetric. 
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Correlation for maximum load in the member 
is excellent. The ITF average load level 
and low frequency content however is poor. 
See notes for measurements 8 & 6. 
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Correlation at the tv'o initial high fre™ 
quency (75 Kii ) peal^s ia excellent,. Sine 
the overall response appears to be the 
sum of several modes, it is not suprising 
that phasing differences degrade correla- 
tion with time. In fact, if the drop 
test were repeated it may exhib'^t a time 
history different from the origfxal test. 
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I \l \J ^ Correlation at first high frequency peak 

I y good, then degrades to poor particularly 

I with regard to peak load and average load 

I prediction. The poor peak load prediction 

f J primarily to the small damping in 

I I I the ITF results. This lack of damping 

|f I is consistent throughout the ITF results, 

I Measurements 11 & 12 are symmetric. 
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Correlation early in time is good than La ■ 
proves to excellent. Measurements II & l2 
are symmetric, which is evident in the 
drop test and not apparent in the re-- 
suits . 
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Correlation fair. The peak strain pre- 
- - diction is poor due to the low damping 

present in the ITF high frequency content. 
Measurements 13 & l4 are symmetric. 
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Figure ^-1 Continued LTA-11 Drop Test Compared With ITF Predictions 
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Correlation fair. Peak strain prediction 
again degraded due to relatively undamped 
high frequency content of ITP. Msasure“ 
ments 13 & 1^ are symmetric. The <j;ve:r?,ge 
drop test strain level is approxlraace'y 
half that of 13. Possiblity of a sca^.e 
factor error in the drop test measurement 
for Ih. 
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Correlation good with regard to peeik and 
average strain level, and frequency con~ 
tent. ITF result laigs by approximately 
half the period of the low frequency 
response. Possibility that an error v;as 
made in locating time zero in the 
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Figure 4a-l Continued LTA-11 Drop Test Compared With ITF Predictions 
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Correlation excellent with regard to 
frequency content and. average lcc,d 
level. The lightly damped high .frequency 
response degrades the peak load isvel 
correlation to good. Shifting the XTf' 
response <,040 seconds to left would iw 
prove phase correlation. Possible 
error made in time zero location. 
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Correlation good early in time then 
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Correlation poor 
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Correlation poor; this may be due to the 
very low load induced in the memoer o 
Measurement 19 & 22 are symmetric o 
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Correlation of first high frequency peas 
excellent, and good for average load 
Measurements 20 & 23 are symmetric. 
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Correlation of average load level is ex- 
cellent, while for peak load its poor. 
High frequency content in ITF not present 
in the drop test result. Measurements 
21 &24 are symmetric. 


TIHE-SEC. 





Figure 4a-l Continued LTA-11 Drop Test Compared With ITF Predictions 
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Correlation excellent with regard i'c 
peak and average load levels. This is 
somewhat surprising since the loa.d 
levels are very low. See note for 
measurement 19 . 


o.owo 


i 0 . 1 ^ 

MCxSEC. 


Amso _ OM 




HERSUROCNT 23 BAR 


Correlation of first high frequency peak 
excellent, then rapidly degrades to poor. 
Relatively low load level induced in memtoer 
See note for measurement 20. 
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Correlation poor. 
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Correlation excellent for initial part of 
time history, and degrades to poor. Peait 
load prediction excellent, average load 
prediction poor. 
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Correlation excellent for initial pare of 
time history, and degrades to poor. Peak 
load prediction excellent, ai/erags load 
prediction poor. 
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Correlation poor, probably not suprising 
since the load levels are very low. 






MrCfe-IfCK2S/IN 








MICfW-INCHES/IN. MiCR0-lNCHES/IN 


Measurements 30 & 31 symmetric o In 
both cases excellent correlation ¥Ou3.d be 
obtained by doubling the ITF result c 
Possible scale factor error in ITF 
measurement . 
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Figure i+a-l Continued LTA-11 Drop Test Compared With ITF Predictions 
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Measurements 32 & 36 are symmetric 
Correlation excellent for 32 « For 3^> 
the drop test result was plotted to twrlc 
scale. Suspect a scale factor error 
measurement of ITF for 36. 
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Measurements 33 & 37 are symmetric o In 
both cases the drop test result Has 
plotted, to twice scale □ Suspect a scale 
factor error in either the ITF or drop 
test measurement. 
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Figure 4a-l Continued LTA-li Drop Test Compared With ITF Predictions 
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Measurements 3^ & 33 are ?svc^m3tric,: Ti’.e 

drop test results are syrimetric, the ITF 
result for 3^ is approximately half of 
35, while the shape reflects the sym- 
metry. Doubling the scale for ITF 3^ 
would make correlation excellent. Sus- 
pect a scale factor error in measurement 
of ITF 3^. 


TIME-SEC 



/ \ 


36 BAB 


TIME-SEC. 


1 


Correlation excellent. See note for 3^< 
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Figure 4a- 1 Continued LTA-11 Drop Test Compared With ITF Predictions 
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4b - Comparison of Drop Test Rt;sults, Predictions Using ITF's^^ an d Predictions 
From Modal Analysis 

The work reported in this; section was performed to provide an additional 
basis for evaluating the accu:-acy of the ITF method. The study consisced oi 
predicting internal response of the LTA-11 for the drop test condition unc.6t 
investigation using standard iiodal and transient response techniques. The 
finite element math model, idcjntified as "Big Spring IV , was provided by K'i 
project personnel; the sketches of Appendix E give some further insight into 
this model. The model was evolved through the years of IM development, us::.ng 
test data wherever possible to improve the idealization. Although not th.. 
most up-to-date analytic representation, it contained a load distribution 
matrix for computing internal responses that corresponded, in large measure, 
to the data recorded during impulse testing. The forcing functions used to 
excite the model were the same as those used for the ITF predictions. Figure 
4-1; computation was accomplished using the Grumman transient response 
package. Reference ?♦ 

The time history results that follow are for all channels common to 
the drop test, the ITF program, and the modal analysis. Note that drop test 
results are shown as dashed curves, ITF results as solid curves, and modal 
analysis as dashed -dot curves Comments relavent to the comparison are 
amended to the graphs. 

While the comparison is, in general, self-explanatory, a few remarks are 
pertinent to measurements 6, T> 8 and 9- As mentioned at the beginning of 
this section, the forcing functions were computed from outrigger and deployment 
truss forces recorded during the drop test. Among these forces are measure- 
ments 6 through 9. Since the mass at the apex fittings is very small in the 
modal analysis, the load distribution matrix essentially takes the applied 
forces and statically distributes them back into the truss members. Thus, it 
is only reasonable to expect that the results from the modal analysis would 
compare very well with drop test results. This accurate comparison is evident 
in the graphs. On the other hand, the ITF approach predicts these responses 



as it does all the others in the system. Any spurious effects are as likely 
to introduce errors into measurements 6 through 9 as they are to degrade 
other channels of data. 

Conclusions and recommendations with regard to the comparison shown 
here ;are presented in Section 6. When conclusions are drawn (Section 6) 
as to the accuracy of the ITF method as compared to modal analysis, resu.’^.ts 
for measurements 6 through 9 are not weighted as heavily as are those for 
the other channels. 
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Three of the forces for the response cal-- 
culations were obtained from drop test 
results of measurements 6 , 7 ? 8 & 9 > 
where 6 & 7 , and 8 & 9 are symmetric. It 
is not surprising that the modal analysis 
restilt are better than the ITF results for 
measurements 6, 7> 8 & 9 since modal 
analysis for a low weight apex fitting con“ 
verts directly back into response for these 
measurements. The ITF result on the othei' 
hand, was obtained frcmi a response calcu*- 
lation. See text for further discussion. 
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figure ^b-1 LTA-11 Drop Test Compared With ITF and Modal Analysis Predictions 











BAR- TENSION ONLY 


Modal result not available. 


" | i\ V 

\ I 


:ii 


V r 


TIME-SeC. 






Except for the early high frequency peaks, 
the modal analysis correlates better than 
the ITF result; the modal result does not 
have more pronounced high frequency content 
since the highest frequency mode considered 
is 36 Hz . 
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A comparison of the results here is some- 
what clouded, since a scale factor error 
is suspected in the drop test result. 

(See comment for measurement l4 in previous 
section). See text for additional ccanment.. 
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The ITF result is better particularly 
with regard to peak and average load values 
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Except for phasing, where an error in time 
zero location on the ITF is suspected, the 
ITF result is superior. 
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Figure 4b- 1 Conhinued LTA-11 Drop Test Compared With ITF and Modal Analysis Prediction: 










Micne-iNc^s/iN. 






Fieure 4b-l Continued LTA-11 Drop Test Compared With ITF and Modal Analysis Predictions 







HJ CTO- INCHES/ IN 


BAR 




A scale factor error of two in the 
measurement of the ITF Is suspected 
here. See text for additional comments 
and the note on measurement 30 of the 
previous section. Assuming the error 
occurred, excellent correlation for 
both results. 
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Il-C -IM Modal Characteristics From ITF Data 
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The TRW effort to obtain IM modal characteristics from ITF data is 
described in detail in References 2 and 3- TRW's procedure determines 
frequency, d.atnping, modal mass, and mode shape from ITF data< For this 
computation Grumman supplied 3 seconds of data (3000 points) for 
accelerometer measurements 42 through 68, and for impulses 4, 13, 17^ l8, 
19 and 24; data an the measurements and the Impulses is given in the 
Appendices. The frequency determination was reasonably good, and is 
shown in the accorapar^ring table along with the IM mode survey result for 
the lowest five modes. 


Frequency, HZ 


TRW 

8.4 

8.9 

11.75 

12.3 

13.8 

LM Mode Survey 

7.9 

9.3 

10.2 

12, 

13. 


Mode shapes, however, were inconsistent and correlated poorly. Mode survey 
results are given in Appendix F. 

Considering the complexity of the IM structure and the fact that this 
was the first large scale serious attempt at using ITF data for determining 
modes, this part of the effort may have been too ambitious an undertaking. 

It is felt that the present analysis would have yielded much better results 
for simpler, more regular structures such as a wing, fin or stabilizer. 

One of the areas in which it is felt a modest amount of development 
work could improve results considerabley is improving the Fourier Transform 
technique. A key feature of the TRW procedure is to transform the ITF 
time history to the frequency domain. The transform method used had two 
significant restrictions. It could handle only a number of data points at an 
integral power of 2, and the frequency increment is restricted to the reciprocal 



of the total titae in the time history. These problems are discussed more 
fully in Reference 2. One restriction was met by using the first 2048(2^^) 
points of time historyj thus the frequency increment in the transform was 
approximately .5 Hz. Since the modes of interest were closely spaced in 
the region of 8 to 13 Hz, high order polynomial curve fitting was performed 
to overcome the coarse frequency increment. Refering to the frequency results 
above, except for the third mode (l0.2 Hz), all the other TRW results 
correlated consistently within the frequency increment. It is also known that 
the mode shape prediction degrades much more rapidly than the frequency 
prediction with reduced time history availibility. Considering the cumulative 
effect of these restrictions itfe not surprising that the mode shape predictions 
were poor. 

Grumman has recently developed a transform program which eliminates the 
first restriction completely, without severely degrading computer time, and 
is presently working on making the frequency increment restriction less severe. 

Another idea which may be useful in improving the accuracy of determining 
modal information consists of using ITF's from a number of impulses in a way 
that is analogous to the use of multiple shakers in a vibration test. For 
example, if an antisymmetric mode were sought in a shake test, shakers would 
be located and phased so as to excite only this type of mode. It appears 
that ITF’s can be used analogously if responses from a number of impulses are 
appropriately combined prior to transformation to the frequency domain. 
Investigation of this approach would require additional development work and 
revision to existing computer programs. 
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3- CONSIDERATIONS FOR ITF TESTING THE SHUTTLE 

Tatle satnniarizes where it may be possible to utilize ITF testing 
in determining internal response to transient loading. The first column 
shows the various loading conditions in the overall Shuttle mission where 
transient response is of concern. The second column indicates the number 
of pulses that must be applied to the vehicle in order to define a complete 
set of applied loads. In the next column the total number of instrumentation 
channels is estimated. It is Interesting to note that the maximum number of 
ITF time histories that would have to be handled for the estimates shown is 
5^00 for the landing condition, i.e., 27 applied pulses multiplied by 200 
channels. The computer system developed under the present contract can 
handle this much data if the time interval for storing data were doubled; 
this would cause no problem for the frequencies of Interest on the Shuttle. 

The fourth column gives an estimate of the highest statically applied 
load that would induce internal load approaching limit values. The next 
column lists an estimate of the highest natural frequency mode that would be 
excited significantly by the loading condition. One and a half Hz is taken 
as the lowest natural frequency for all conditions. The data of these two 
columns is particularly important in estimating the magnitude (area) of the 
impulse that must be applied for tests of a given condition; subsequent 
paragraphs will discuss this topic more completely. 

In the next to last column the vehicle configuration and the preferred 
oEinner of support are given. The suspension system and how it is designed 
and instrumented is an important consideration that is covered in 
Appendix A of this report. The last column of the table gives the 
maximum distance from the point of pulse application to a point where 
Instrumentation may be placed, taking into consideration the load paths that 
response would travel through component interconnecting structure. , Thus, as 
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is obvious in the table, a distance greater than the overall length of the 
vehicle is possible. While this column is not of prime importance, it does 
give an indication as to which conditions will be difficult to excite to 
measurable response levels. 

Examination of tte table shows that conditions from main engine startup 
through arbiter landing have been covered. (Docking is a notable exception. 

It has not been included in the table because little is known by the authors 
of the load levels or number of applied pulses necessary to define the 
applied loads. In any event, the loads associated with docking, and the 
number of channels and fre<iuencies of interest, should offer no problems 
more difficult than those posed by conditions listed in the table. Thus, in 
considering the table as it presently stands, we are probably dealing with 
the docking problem as well.) Prelaunch conditions, hold-down release and 
SKB shut-down will be difficult to test because of the size of the config- 
urations and the difficulty of exciting response to an applied pulse of 
practical size. The SRB shut-down condition where 600,000 lbs is considered 
limit applied load is the most difficult. Orbiter landing, on the other hand, 
will most probably be the easiest to cope with. The reasons for this are: 
the vehicle would be horizontal facilitating application of the impulses; 
the vehicle is relatively simple; and, the force levels are reasonably low, 

A primary q^uestlon in Shuttle testing is to determine the magnitude 
and time duration of the Impulse necessary to excite measurable response. 

The following discussion is aimed at providing a method for making the 
reciuired determination. 

Consider a single degree -of- freedom, undamped, mass-spring system 
subject to an initial velocity and zero initial displacement. The displacement, 
X, of the mass is: 

V 

o 


X 


0 ) 


sin out 


(5-1) 
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where v is the initial velocity and ou is the natural frequency of the 
o 

system. For impulse/momentum considerations, and equivalent impulse would 
be equal to the mass, m, times v^. Substituting v^ = l/m into Eq. 5-1 
gives: 


X = — sin u)t (5-2) 

tuu 

P 

Substituting ttfu = K, the spring stiffness, and rewriting, the spring 
force can be written as: 


Kx = loi sin out 


(5-3) 


and the maximum spring force can be defined as: 


(Kx) = lou (5-4) 

' max 

Fow, consider a long-duration force whose maximum value is (fourth column 
of Table 5-l). If this force were applied statically to the system, the 
spring force would be equal to F^. We now can form a ratio, R, which is the 
maximum dynamic force in the spring to a static value, or: 


R 



(5-5) 


Let us rewrite Eq, >5 in terms of frequency, f, whose units are Hz, 


I 

F 


R 

2TTf 


(5-6) 
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Equation 5-6 defines an impulse magnitude necessary to obtain a given 
portion, R, of the statically induced spring force for a system with a 
natural frequency, f. 

Setting aside Bq 5 -6 for a moment^ let us consider how a single degree- 
of -freedom system responds to a realistic pulse of finite duration as 
compared to a theoretical impulse. Reference 5 discusses this matter in 
some detail for a single degree of freedom system. Figure 5-d^ which is 
taken from this reference, shows the error in peak response as a function 
of the ratio of pulse duration, (t), to system natural period, T. From 
this figure for a triangular shaped pulse the following data can be found? 


io Error (E) 

t/T = Tf 

1 

.113 

2 

.157 

5 

.2^5 

10 

.360 

15 

MZ 


(A triangular pulse shape has been selected for study since it is represent- 
ative of the pulse shape obtained in IW testing. Further, little difference 
exists in the errors associated with a half-sine pulse and a triangular pulse.) 
Now, the Impulse magnitude can be expressed in terms of the peak of the trian- 
gular pulse, F*, i.e.. 


I = 1/2 F* T (5-T) 

Dividing both sides of Eq.^T by F^ gives 


I 

Fo 


F* T 

Fo 2 


(5-8) 
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The error data, and the relationships of Eqs. 5-J and 5-8 have been plotted 
in Figure 5-2. The upper right quadrant of the figure shows the relation- 
ship given by Eq. 5-8; the upper left quadrant depicts the relationship 
given by Eq. 5-6; and the lower right quadrant is a graph of the error data 
for a triangular pulse that is tabulated above. 

Figure 5-2 is very useful as an aid in determining impulse requirements 
for the loading conditions of Table 5-1- Eor example, consider the main 
engine start condition. Let us assume that 30,000 lbs is the peak force the 
impulse generator can supply; thus F*/F^ = 30,000/115,000 = .26, shown as the 
dashed line in Figure 5-3. Table 5-1 shows that the highest frequency of 
interest is 15 Hz. . If error, E, is limited to 2!f> the illustrative construction 
lines of Figure 5-3 can be drawn. 

Using 30,000 lbs as the maximum pulse force, the representative data 
shown in Table 5-2 can be derived. While the data shown in this table is 
somewhat arbitrary with respect to error, peak impulse force, and induced 
response, it does give reasonably representative values of the impulse 
magnitude, peak force level and duration that will be required for the Shuttle. 
Of course, when firm data on the Shuttle characteristics becomes available. 
Figure 5-2 can be used to establish final requirements. 

Once final impulse requirements are established, impulse generating 
equipment can be selected. Several considerations will enter into the selection. 
Among the most important considerations will be the peak force level and the 
time duration, as well as portability and maneuverability for a particular 
test condition. At Grumman three devices seem most appropriate for the Shuttle: 

• Electrodynamic Shaker 

• Hydraulic Shaker 

• Stress-wave Riveter 

The electrodynamic shaker, programmed to supply an impulse peak force 
level of about 10,000 lbs and a time duration of 1 millisecond, has been used 
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in all testing performed to date. This type of shaker can probably be used 
for output to 30,000 lbs, where the time duration will be limited by the l/2 
inch of stroke available at the shaker head. Thus, data on suspension 
characteristics and local flexibility will be required before the electro- 
dynamic shaker can be selected for time durations of 10 or more milliseconds. 

Electrodynamic shakers of the size used in IW testing have a significant 
disadvantage with regard to portability. They require a fairly extensive 
power supply and cooling source, and are difficult to maneuver because of 
their weight. However, we know they are reliable and have had a significant 
amount of worthwhile experience in their use. 

Hydraulic shakers, to our knowledge, have not been used for Impulse 
generation. However, they appear to have the advantage of long, adjustable 
stroke and may have an application for use in cases where relatively long 
time durations are needed. 

The Stress -wave riveter is a Grumman developed device for driving rivets 
with one blow that exhibit improved fatigue life. The device is relatively 
light (under 100 lbs) and is driven by a modest, portable power supply. 

Time durations where this device has been used have ranged to 1 millisecond; 
force levels have been as high as 30^000 lbs. 

The procedure we envision for implementing ITF testing for the Shuttle 
would be along the following lines and in the following rough sequence; 

1. Identify dynamic problems where ITF testing can be helpful in the 
project. 

2. Examine existing or scheduled instrumentation and support fixtures 
in use for ground vibration surveys or other dynamic test and then 
develop ITF test objectives and schedules. 

3. Based on structural data and the data of Table 5”1 and Figure 5 “2 
establish impulse requirements. 

U. Depending on impulse magnitude, initiate a test and analysis program 
to select impulse generating device. This should be a modest program 
that could be performed in a few months prior to actual testing. 
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5. Prepare test plans, design and fabricate any additional fixtures 
and perform tests. 

Another area of possible application of the ITF method is in determining 
modes from ITF data for speeds 1 problems. This subject is discussed in some 
detail in another section of 1his report. 
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Table 5-1 Poeslblo Application of ITF Method In the Shuttle Propni*iun 


loading 

Condition 


Prelaunch - main 
engine start & 
shutdown 


Hold* down 
release 


3RB Shut down 


Ko* of 

Applied No , of 
Pulses 


9 * (3 ^400 

ea, at (- 200 on 

3 pts,) orblter) 


Sstimated 
Max Force 
For Limit 
Load (Lbs) 


Highest 
Frequency of 
Interest 


6RB staging 12 - (6 i 

~ 50 on SRB 

on SRB ' 

100 on E ,T 

& 6 on 

^ 200 on 

F.T* at 

orblter 

junction 



Orblter string 

12 * 6 
on or* 
biter 
& 6 on 
E.T. at 
Matching 
loca- 
tions 

Orblter Engine 
shut down 

9 - (3 
ea« on 
engine 
thrust 
struc- 
ture 9 t 
2 on ea« 
gluO^al 
actuaror) 

Orblter 

Landing 

27_ (3 
at each 
tunnlon 
on each 
gear 
member) 



Vehicle Conflg. & 
Support Condition 

Max. Distance 
From Pulse Applic- 
ation Point (in.) 

Orblter mounted on 
booster which Is re- 
strained by hold- 
down mechanism 

1500 to Fwd orblter 
Interstage 

Launch conflgj ; 
free- suspension 

4000 to orblter 
interior; 1600 
to ext. tank 

Post -launch conflg*; 
free suspension 

4000 to orblter 
Interior; 1600 
to ext. tank 

SRB in free suspen- 
sloni orblter 
attached to E,T* 
in free suspension 

2400 to orblter 
interior 

Orblter in free 
suspension^ E.T. in 
free suspension 

1300 on orblter; 

1300 on E,T. 

Orblter on E.T. in 
free suspension 

1300 on orblter, 
1600 On E «T . 

orblter In free 
suspension 

1300 on orblter 






































Table 5-2 Sample ImpuLse Requirement Bata Derived From Table 5-1 and Figure 5-1 and 5-2 

See Text For Details 


Loading 

Condition 


Highest 

Frequency 

of 

Interest 

_lS£] 




j Pre launch-main 
engine start & 
shut down 


15 


.26 


Hold-down 

release 


15 


.15 


SRB dhut down 


20 


.05 


SRB staging 


30 


.33 


Orb iter staging 


30 


.33 


Orb iter engine 
shut down 


35 


.08 


Orb iter landing 


25 


.20 


— 

^ Er2?or 
(E) ® 
Highest 
Frequency 

Portion of Static Response 
Induced, R 

Pulse 
Period t 
(MiUisec) 

PeaJc 
Pulse 
Force F* 
(Lbs) 

Highest Freq. 

@ 1.5 Hz 

2 

.13 

~ .02 

10 

30,000 

5 

.12 

~ .02 

l6 

30,000 

15 

.07 

~ .01 

22 

30,000 

5 

.28 

.02 

8 

30,000 

5 

.28 

.02 

8 

30,000 

15 

.12 

~ .01 

l4 

30,000 

10 

.25 

.02 

15 

30,000 
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rCP Accuracy as a Function of (t/T) and (I^t) 
Figure 5-1 I 
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6-CONCmSIONS AND BECOMMMDATIOHS 

Our test work for Langley, Reference 1, demonstrated that an impulse 
test can be performed on a complicated aerospace structure in a timely 
fashion. Section 5 of this report outlines test considerations for applying 
the ITF method to the Shuttle. As discussed, it may be necessary to employ 
hydraulic shakers as a replacement for the electrodynamic ones used in the 
LM work in order to deliver the high magnitude impulses necessary to excite 
the large Shuttle structure. Another Impulse generation device that should 
be considered is the Grumman stress-wave riveter. Prior to any Shuttle 
application, an exploratory test program will be required in order to insure 
that candidate test equipment is suitable with regard to impulse magnitude 
and physical handling characteristics. The data of Section 5 should assist 
in this work. 

Based on the computer program development and the data processing that 
was accomplished under this contract, it certainly appears practical to 
handle the large quantity of data that results from an impulse test. Since 
the data processing package will be available at NASA/MSC and at Grumman, 
it can be employed immediately as test results become available to insure 
that the data taken is Valid. 

Based on the comparison of drop test results and ITF predictions that are 
presented in Section 4, it appears that the ITF method can often accurately 
predict both waveform and peak amplitude. In addition, where waveform agree- 
ment is lacking, the method is frequently accurate in predicting peak response. 
The comparison of drop test, ITF predictions, and modal analysis predictions 
indicates that the ITF approach can be more accurate than a comprehensive modal 
analysis in computing transient response. 


i 
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When the test results, the data processing accomplishments, and the 
correlation studies are considered together, it is our conclusion that the 
ITF approach can be a valuable supplement to conventional aerospace dynamic 
testing and analysis practice. 


We believe that significant improvements can be made in the accuracy of 
the ITF method if the lessons of this contract are applied to the testing 
phase of a new ITF project. Two items are of prime importance. First we 
strongly urge that data processing be conducted as the test progresses. With 
the data processing packages now available, it appears possible to complete 
the processing of an original analog tape a day or two after an impulse is 
delivered. It would then be possible to conduct various validity checks, 
i.e., a review for symmetry and obvious data drop-out, so that timely repeat 
testing can be performed if necessary. 

Second, we recommend that considerable attention be given to designing 
the suspension system so that the rigid body frequencies of the supported 
vehicle are as far below the structural frequencies as is possible. We 
believe that the suspension system used in the LM testing was a principal 
source of inaccuracy in the predicted responses. Since the suspension will 
never provide a perfectly "free-free" system, methods for eliminating left- 
over effects should be considered. While the digital filtering methods out- 
lined in Section 4 have been shown to be reasonably effective, it is possible 
that the spurious effects of the suspension can be more accurately removed 
by the method outlined in Appendix A. In this method the axial loads in the 
suspension cables are measured when an impulse is applied. Using the Duhamel 
integral, the effect of the cable loads are subtracted from the internal 
response time histories before these responses are considered ITF's. Imp- 
lementing this approach would require only some minor computer program 
revisions; no new development work appears to be required. Of course, the 
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filtering methods that have been included in the computing system are an 
available back-up and supplement, if needed. 

Another area of investigation that was considered under this contract 
was a study into the feasibility of using ITP data for determining modal 
information. TRW Systems Group performed this work and reported their results 
In References 2 and 3. TRW demonstrated that reasonably accurate frequency 
data could be computed from the ITF's, but mode shape predictions were poor. 

It is possible that the inaccuracies were due to the highly complicated 
nature of the LM structure and that further development work is necessary 
before the method becomes feasible for all applications. We believe, however, 
that the method should be considered in its present state for special 
applications on relatively simple structures. Further discussion of this 
subject may be found in Section ^c. 

The impulse testing and correlation studies conducted to date have 
virtually all been for the LM structure. While this is certainly a realistic 
and complex space structure, it is not very representative of an aircraft or 
the Space Shuttle. To gain additional confidence and to uncover any hidden 
problems in using the method on the Shuttle^we recommend some additional 
test/analysis work on an aircraft-type structure. Inrpulse generation, 
instrumentation requirements, and suspension system design should all be 
considered. If data is not available upon which to base a correlation study, 
long duration, transient forcing functions could be applied to the test article. 
ITP predictions should be made and compared with test results. In addition, it 
is recommended that a comparison be made with predictions from modal analysis 
to provide further data on the accuracy of the ITT approach. 

A great deal of interest is currently centered on methods of determining 
total vehicle modes from ground vibration survey data obtained from individual 
Shuttle component tests. Similar ideas should be entertained for ITF's if the 
component approach is adopted for the Shuttle. That is, an ITF test could be 
conducted as part of, or in addition to, a component vibration test program. 
Impulses would be applied to points where forcing functions exist as well as 
at the junction points with other components. The data for all the components 
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would then be combined euialytically to obtain ITF's for the total structure. 

A first phase approach to this problem could be conducted using analysis to 
simulate test results. Once techniques for accomplishing the coupling were 
evaluated, they should be employed in a test/analysis project to demonstrate 
the accuracy of the method. 

For both of the test programs described above, a reasonably accurate 
structural scale model of the Shuttle would be a suitable test article. 

In closing, it appears appropriate to list the items that require 
further resolution prior to applying the IIP method to the Shuttle. These 
items are: 

• Suspension System. A careful design effort is recommended to keep 
rigid body frequencies well below the lowest elastic frequencies 

of the test article. In addition to digital filtering, a method for 
removing remaining suspension system effects should be pursued 
(Appendix A). 

• Impulse Generator. For a given transient response condition, a 
trade study should be conducted to decide among a hydraulic shaker, 
an electrodynamic shaker atd the Gruimaan stress-wave riveter, as 
the impulse delivering device (Section 5). 

• Test Procedure. In a new ITF test we strongly recommend that 
procedures be planned to insure that collected data is reviewed 

as soon after an impulse is delivered as is possible. We recommend 
that this analytic effort continue throughout the test period and 
keep the data validation no more than a few days behind the test 
program. 
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A-Suspension System Considerations 

The suspension system used to support a vehicle during ITF testing 
can be a primary source of inaccuracy in predicted responses. The reason 
for this lies in the fact that a relatively small error in an ITF can 
be magnified by the forcing function to a sizeable magnitude. To 
demonstrate this consider the sketches of Figure A-1. The first grid 
depicts a measured ITF, in which an error is introduced due to a spurious 
effect. The remaining two grids show the original ITF dissected into the 
accurate component plus an error term; the error is represented as a unit 
step function for simplicity only. Suppose, as is illustrated in Figure 
A-2, the forcing function is a step at 10,000 lbs. The response due to 
the error term only, as computed from the Duhamel integral, would be a 
ran^i as shown in the second plot, whose magnitude would be 10,000 lbs 
after 1 second — a very sizeable error. This type of effect explains why 
we addressed a great deal of attention to zero adjust problems and why 
relatively small errors introduced by a suspension system can be very 
important to overall results. 

We recommend that careful attention be given to designing a suspension 
system so that rigid body frequencies of the supported vehicle are well 
below the lowest modal frequencies computed for the elastic "free-free" 
structure. In a test, we suggest that all rigid body frequencies be 
measured in all test configurations. 

Since any suspension will introduce some restraint, attention should be 
directed to removing the effect which remains after a concerted design 
effort. The filtering technique used in this study is one relatively 
accurate method of eliminating the left-over effect. Another method. 
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explained below, which involves instrumenting the suspension cables for 
load, should also be Investigated since it may be more accurate in 
removing suspension effects. 

Consider the sketch of Figure A-3. The first sketch depicts an 
elastic vehicle during an impulse test, where the force induced in the 
suspension cable is measured along with an ITF time history a^. If we 
could find the response of the system to the cable forces as illustrated 
in Figure A-3b, then the ITF for the ’’free-free" system that we seek can 
be found as 


h = 


a, - 


(A-1) 


From the original data, we could use a Duhamel Integration to predict a 
response to S: 


a 


3 



(t-T) dT 


(A-2) 


The question is: How close to a^ is a^, as found from Equation A-2? It would 
seem that for systems where the low frequency elastic modes are well above 
frequencies introduced by the suspension system, 


« a^ (A-3) 

and for practical purposes, the "free-free" ITF can be found from 



o 


h 


S(t) a^ (t-T) dT 


(A-4) 
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While the above discussion does not constitute a proof, it does 
suggest that this approach is worthy of further investigation as part of 
a new ITF project. It is interesting to note that the existing computing 
system would require only minor modification to implement the proposed 
method. And, of course, since the filtering methods used in the present 
work are already part of the computer system, they can be used as a 
back-up or a supplement, as needed. 



1 Pound 


Figure A-1* Error In Measuring An ITF 


Forcing Function 


I 
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Spurious response due to 1 pound error 
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1 Sec 


Figure A-2 Result Of Error In An ITF 





(A-3a) 


(A-3b) 


Figure A~3‘ Suspension System Considerations 








B-In 3trmnentation List 


The instrumentation listsd in Table B-1 was monitored during LTA-11 


impulse testing. 



HEAS. 

NO. 


MEASUREMENT NAME 
AND LOCATION 


TRANSDUCER 
TYPE & RANGE 



Input Force 



Aft Interstage 
Truss. Inner 


+Z Outrigger 
Strut. Upper 
+Y Side GD-J 


+Z Outrigger 
Strut, Upper 
-Y Side GD-2 


+Z Outrigger 




Aft Interstage 

Axial Strain 

2 

Truss, Outer 

Gage Ckt 


L.H. GA-12 

25,000 lbs 


Aft Interstage 
Truss, Inner 
L.H. GA-13 

Axial Strain 
Gage Ckt 
10,000 lbs 

Aft Interstage 
Truss, Outer 

Axial Strain 
Gage Ckt 

■R,tL GA-14 ^ j 

i 25.000 lbs 


■ 


Axial Strain 
Gage Ckt 
10.000 lbs 


Axial Strain 
Gage Ckt 
30,000 lbs 


Axial Strain 
Gage Ckt 
30.000 lbs 


Axial Strain 


8 Strut, Lower Gage Ckt 

+Y Side GO-3 16,000 lbs 


+Z Outrigger 

Axial Strain 

Strut, Lower 

Gage Ckt 

-Y Side GD-4 

16.000 lbs 

Dtag, Strap 

Axial Strain 

Quad 1 


Upper Center GO-17 

2500 u'Vin 

Diag. Strap 

Axial Strain 

'iuad 1 


Lor-.ir Center GO-lS 

2500 u'7in 


S. 


MEASUREMENT NAME 
AND LOCATION 


TRANSDUCER 
TYPE £ RANGE 





12 

1 

Oia'g”.' Strap' ~ 

Quad 1 1 

Lower Forward GD-20 


m 

I Diag. Strap 
Qual III 

Lower Center GD-23 

Axial Strain 
2500 u'Vin 

14 

Diag. Strap 
Quad 1 V 

Lower Center GD-25 

Axial Strain 
2500 u'Vin 

15 

Side Panel 
Quad 1 1 

-227 Shear GD-28 

Shear Strain 
2000 u"/ln 

16 

Side Panel 
Quad 1 1 

_-_Y27 Shear GD.-29 


' 

17 

Side Dec, 

Quad 1 1 i 

_ :Y27 Shear GO-31 



IB 

Side Deck 
Quad IV 

+i22_ihearJSfi:Jl^ 


r 

19 

Forward Interstage 
; Support 

_iL. H. Lateral GD-34 

Axial S 
2500 u' 

train 

/in 

20 

Forv/ard, Interstage 
Support, L.H, 

Oiaci, "Tee" GD-35 



21 

Forward Interstage 
Support, L.H. 
Vertical GD-36 



22 

Forvvard Interstage 
Support, L.H. 

. 1 GD.-J7 
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MEAS . 
MO. 

MEASUREMENT NAME 
AND LOCATION 

59 

Acceleration 
EO-14 Z 

60 

. .. . 

Accelerat ion 
2A-99 X 

! '! 

6l 

1 

•.ccelerat ion 
A-IOI Z 

62 

Acceleration 
A- 100 X 

63 

Acceleration 
LA- 104 Z 


TRANSDUCER 
TYPE & RANGE 


Piezoelectric 

A«celeron"eter 


Piezoelectric 

Accelerometer 

tIOOOG 


Piezoelectric 
Accelerometer 
±1000 G 


ccelerat ion 


1 

67 1 

Lccelerat ion 
i: 0-3 X 

68 

r. ccelerat ion 
'D-3 Y 

i 

69 1 

/Acceleration 

|i-:o-3 z 


Piezoelectric 

Accelerometer 








































C- Summary of LTA-11 Impulse Testing 


Table C-1 provides a history of impulse testing, including pulse 
location and direction. 



91 


Run No* 


1 

2 

3 

k 

5 

6 

T 

8 

9 

10 

11 

12 

13 

Ik 

15 

16 

17 

18 

19 

20 
21 
22 
23 
2k 

25 

26 

27 

28 

29 

30 

31 

32 

33 
3 ^^ 

35 

36 


NOTE: 


Table C -1 - Summgry of I/PA-11 Impulse Testing (1971) 


Date Pulse Location Pulse Dlre_ctlon 


Aug. 25 

+Z Deployment Truss, -Y 

side 

+x 

Aug. 27 

+Z 

It 


tl 

-Z 

Aug. 30 

+Z 

It 


If 

+Y 

Aug. 31 

-Y 

It 

" ,+Z 

It 

-Z 

Sept. 1 

-Y 

ft 

’• ,+Z 

It 

4-y 

Sept. 2 

-Y 

tt 

" ,+Z 

It 

+x 

Sept. 2 

-Y 

tl 


tt 

+x 

Sept, 3 

-Y 

fl 


tt 


Sept, 3 

-Y 

tl 

,-z 

It 

+Z 

Sept. 7 

-Z 

II 

" ,-Y 

fl 

+Y 

Sept. 9 

•fZ Upox Fitting 



-Z 

Sept. 10 

+Y ” 

fl 



-Y 

Sept. 13 

-Z ” 

tl 



+Z 

Sept. 1^ 

-Y " 

fl 

, 


+Y 

Sept, 15 

-Y " 

It 



+Z 

Sept. 16 

+z •' 

fl 



+Y 

Sept. 17 

+Y ” 

If 



-Z 

Sept, 17 

-Z " 

It 



-Y 

Sept. 20 

-Z ” 

II 



+X 

Sept. 23 

+Y " 

tt 



+X 

Sept. 2k 

+Z " 

tl 



+X 

Sept. 27 

-Y " 

If 



+x 

Sept, 29 

-Z Deployment Truss, -Y side 

+x 

Oct. 1 


tl 


If 

•fZ 

Oct. 7 

+z 

tl 

" ,+Y 

tt 

«z 

Oct. 8 

+z 

IT 

" ,+Y 

tl 

-Y 

Oct. 11 

+z 

tl 

” ,+Y 

ff 

+X 

Oct. 12 

+Y 

It 

" ,+Z 

It 

+X 

Oct. 12 

+Y 

It 

” ,+Z 

ri 

-Z 

Oct. 13 

+Y 

If 

" ,+Z 

tl 

-Y 

Oct. 15 

-Z 

II 

'• ,+Y 

ri 

+z 

Oct. 15 

-Z 

If 

" ,+Y 

It 

-Y 

Oct. 18 

-Z 

ft 

" ,+Y 

If 

+X 

Oct. 19 

+Y 

It 

" ,-Z 

If 

+x 

Oct. 21 

+Y 

IT 

" ,-Z 

If 

+z 

Oct. 22 

+Y 

It 

" ,-Z 

tt 

-Y 


The pulse direction indicated infers to the ITF testing only. In 
using the ITF's for the prediction of response, a reversal of sign 
may be required depending on the direction of a particular forcing 
function. 



D-Sample Impulse and Response Time Histories 


Figure D-1 shows time histories of the itapulses delivered to the 
outrigger truss apex fittings. These pulses closely resenible half sine 
waves for about .5 milliseconds and are typical of the 36 applied to the 
test article. 

Two response time histories, typical of the response throughout the 
vehicle, are shown in Figure D-2. One strain gage and one accelerometer 
response, played back from the original analog tape, are given. The only 
filter in the system was a 1000 Hz filter used in the data acquisition 


system. 
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+Y APEX -Y APEX 


VertiC'^l Sc«le = 50001b. /division 
Horizontal Sc?le = .5 millisecond/division 


Figure D-1 ‘ Pulses Applied to Outrigger Truss Apex Fittings in the X Direction 











9h 



• • ' ' 
10 millisecond time markers 


Accelerometer ED3Z 
(D/S Ojc. Tank, -Z) 

0.5g — 



t I I • I II 

10 millisecond time markers 


Figure D-2 - Typical Impulse Response Time Histories 
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E-LTA-11 Fliiite Element Idealization 


Table E-1 shows the corrrsspondence of ITP measurement number with the 
finite element number shown in the sketches of Figure E-1. In these 
sketches the finite element number is shown circled while the corresponding 
measurement number is shown within a triangle. 



Table E-l Impulse Test Measurement Number - Finite Element Number 


Measurement i 
Number ^ 


Finite 

Element 

Number 



Measurement ^ 

Finite 


Number 

Element 

Number 
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F-LTA.-11 Mode Survey Results 


Figures F-1 through F-5 present the mode shapes and frequencies 
measured in the LTA-11 ground vibration survey. Figure F-6 is a sketch 
showing accelerometer location and measurement direction for the ITF 
program. These figures may be useful in interpreting the results of 
Reference 2 . 
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Figure F-2a LTA-11 Mode Survey Result - Ascent Stage Second Mode 
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Figure F-3a LTA-IL Mode Survey Result - Ascent Stage Third Mode 
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Figure F-Ua IffA-11 Mode Survey Result - Ascent Stage Fourth Mode 
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IffA-11 Mode Survey Result - Ascent Stage Fifth Mode 


Figure F-5a 
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: Accelerometer locations and measurement direction used in the impulse tests 

are shown by the circled numbers. 


Figure F-6a Accelerometer Locations For Impulse Test - Descent Stage 
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